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In this report we present the alignment of one of the most
conserved segments (Exo III) of the 3'- 5' exonuclease
domain in 39 DNA polymerase sequences, including
prokaryotic and eukaryotic enzymes. Site-directed
substitutions of the two most conserved residues, which
form the Exo HI motif Tyr-(X)3-Asp of 029 DNA
polymerase, did not affect single-stranded DNA binding,
DNA polymerization, processivity or protein-primed
initiation. In contrast, substitution of the highly conserved
Tyr residue by Phe or Cys decreased the 3'-5'
exonuclease activity to 7.5 and 4.1%, respectively, of the
wild-type activity. Change of the highly conserved Asp
residue into Ala resulted in almost complete inactivation
(0.1%) of the 3' - 5' exonuclease. In accordance with the
contribution of the 3'-5' exonuclease to the fidelity of
DNA replication, the three mutations in the Exo m motif
(Y165F, Y165C and D169A) produced enzymes with an
increased frequency of misinsertion and extension ofDNA
polymerization errors. Surprisingly, the three mutations
in the Exo III motif strongly decreased (80- to 220-fold)
the ability to replicate 029 DNA, this behaviour being
due to a defect in the strand displacement activity, an
intrinsic property of 429 DNA polymerase required for
this process. Taking these results into account, we
propose that the strand displacement activity of 029 DNA
polymerase resides in the N-terminal domain, probably
overlapping with the 3'-5' exonuclease active site.
Key words: 029 DNA polymerase/3'-5' exonuclease/ExoHl
motif/strand displacement DNA synthesis
Introduction
The requirement for a high fidelity of DNA replication, and
its improvement by a mechanism providing rapid and
selective excision of insertion errors, are probably the main
reasons why a 3'-5' exonuclease activity, or proofreading
activity, is associated with the majority of DNA-dependent
DNA polymerases. To guarantee that DNA synthesis and
editing functions are coupled efficiently, the 3' -5'
exonuclease activity is, in most cases, built into the
polypeptide that contains DNA polymerization activity.
Three-dimensional structural studies of the Klenow fragment
(Pol 1k) of Escherichia coli DNA polymerase I (Pol I),
together with biochemical and site-directed mutagenesis
studies, have demonstrated that polymerization and 3'-5'
exonuclease activities are located in the same polypeptide,
but in separate domains of the protein (reviewed in Joyce
and Steitz, 1987). These Pol I studies also allowed the
identification of particular amino acid residues (Asp355,
Glu357, Leu361, Asp424, Phe473, Tyr497 and Asp501)
forming the 3' -5' exonuclease active site (Derbyshire et al.,
1988, 1991).
Based on amino acid sequence similarities and site-directed
mutagenesis studies (Bemad et al., 1989; Blanco et al.,
1991), the 3'-5' exonuclease active site of Pol I was
predicted to be structurally and functionally conserved for
both prokaryotic and eukaryotic DNA polymerases. In
particular, three regions, named Exo I, Exo II and Exo III,
which in Pol I contain the residues critical for the metal
binding (Asp355, Glu357, Asp424 and Asp501) and catalytic
(Tyr497) activities of the 3'-5' exonuclease (Freemont
et al., 1988; Derbyshire et al., 1988, 1991), have been
identified in the N-terminal portion of prokaryotic and
eukaryotic DNA polymerases. Further alignments have
allowed the proposed critical residues to be identified or
corrected in certain DNA polymerases (Morrison et al.,
1991; Simon et al., 1991; Blanco et al., 1991, 1992; this
paper). The validity of these predictions has been tested by
site-directed mutagenesis in several 3'-5' exonuclease-
containing DNA polymerases. Thus, the catalytic significance
of the Exo I segment is supported by mutagenesis studies
in which the highly conserved Asp and Glu residues
corresponding to Asp355 and Glu357 in Pol l, were changed
into Ala in Pol I (D355A, E357A; Derbyshire et al., 1988,
1991), 029 DNA polymerase (D12A, E14A; Bernad et al.,
1989), T7 DNA polymerase (double mutant DSA/E7A; Patel
et al., 1991), 6 (Sc) DNA polymerase (D322A, E324A;
Simon et al., 1991) and e (Sc) DNA polymerase (double
mutant D290A/E292A; Morrison et al., 1991). In all cases,
selective inactivation of the 3'-5' exonuclease activity or
acquisition of a strong mutator phenotype was observed.
Selective inactivation of the 3'-5' exonuclease has been also
demonstrated by changing the invariant Asp residue of the
Exo II motif, corresponding to Pol I Asp424, into Ala in
Pol I (D424A; Derbyshire et al., 1988, 1991), 029 DNA
polymerase (D66A; Bernad et al., 1989), and 6 (Sc) DNA
polymerase (D405A; Simon et al., 1991). The catalytic
importance of the highly conserved segment Exo III, con-
taining two critical residues in Pol I (Tyr497 and Asp501),
has been demonstrated by site-directed mutagenesis studies
of this latter enzyme only (Derbyshire et al., 1991).
In this paper we report the analysis of mutants in the amino
acid residues of the 029 DNA polymerase Exo III motif
corresponding to Tyr497 and AspS01 in Pol I. The results
obtained support the critical role of conserved segment Exo
III in the 3'-5' exonuclease activity, and our proposal of
an evolutionarily conserved 3'-5' exonuclease active site
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in prokaryotic and eukaryotic DNA polymerases. Interest-
ingly, these 429 DNA polymerase mutants in the Exo III
motif were strongly diminished in their ability to replicate
029 DNA due to a defect in the strand displacement activity,
an intrinsic property of 029 DNA polymerase that is required
for this process (Blanco et al., 1989). These results lead us
to propose that the strand displacement function resides in
the N-terminal domain, probably overlapping with the 3'-5'
exonuclease active site.
Results
The Exo 11l motif of DNA-dependent
DNA polymerases
The increasing number of DNA polymerase sequences
available has allowed us to consider subfamilies of DNA
polymerases for carrying out progressive alignments from
the most related sequences to the least (Blanco et al., 1991).
Using this approach, it was possible to align the whole N-
terminal domain of 39 DNA-dependent DNA polymerases,
encompassing the putative segments Exo I, Exo II and Exo
III. This strategy allowed us to identify other regions of
amino acid similarity (L.Blanco and M.Salas, in preparation)
containing residues recently shown to be involved in single-
stranded DNA (ssDNA) binding at the 3'-5' exonuclease
domain of Pol I (Beese and Steitz, 1991), and correct some
of the most conserved segments (Exo I, II and IH) in certain
DNA polymerases (Blanco et al., 1991, 1992).
Figure 1 shows a multiple alignment of the region
encompassing the Exo HI segment of DNA-dependent DNA
polymerases, being newly identified in DNA polymerases
6 (Sp), 6 (Pf), 6 (Bo), 6 (human), a (Th) and ca (Dm) (see
legend to Figure 1 for DNA polymerase nomenclature). The
region aligned in Figure 1, containing the Exo III segment
and spanning 26 amino acid residues, corresponds to a-helix
F of Pol Ik (Ollis et al., 1985). In agreement with this,
secondary structure analysis predicts, for most of the DNA
polymerases compared, that the aligned region is structured
as an a-helix (results not shown). In addition to the highly
conserved Tyr and Asp residues forming the Exo III motif
Asp-(X)3-Tyr, there are other significant amino acid
similarities (indicated by grey boxes in Figure 1) between
the four groups of DNA polymerases in this region. The
Exo IH motif of Pol I contains residues Tyr497 and Asp5OI,
which are thought to be involved in exonucleolytic catalysis
and metal A binding, respectively (Derbyshire et al., 1988;
Freemont et al., 1988). Tyr497, which has been shown to
be hydrogen-bonded to the terminal phosphodiester in Pol
I crystals containing ssDNA, has been proposed to function
in substrate orientation to facilitate the attack on the
phosphate by water (Beese and Steitz, 1991). In agreement
with these data, and with the hypothesis of a conserved
3' -5' exonuclease active site in prokaryotic and eukaryotic
DNA polymerases (Bernad et al., 1989), the Asp residue
of the Exo III motif is almost invariant in the four groups
ofDNA polymerases (35 cases out of 39 sequences), except
for the presence of a conserved Asn residue in Bs III, REV3
(Sc), a (Sc) and a (Th) DNA polymerases. The Tyr residue
of the Exo III motif occurs in 31 sequences, except for the
presence of either Leu (Bs III, a (Tb) and at (Dm) DNA
polymerases), Val (Pol III (eps)) or a charged amino acid
residue [REV3 (Sc), a (Sc), a (Sp) and ae (human) DNA
polymerases]. Interestingly, all the DNA polymerases oa
shown in Figure 1 lack one or more critical residues of the
Exo III motif. Furthermore, most of them also lack critical
residues at the Exo I and Exo H motifs (Bernad et al., 1989;
Morrison et al., 1991; Blanco et al., 1991, 1992). These
facts are in agreement with the inactivity or cryptic character
of the 3'-5' exonuclease in this subgroup of cellular DNA
polymerases.
Obtention of site-directed mutants in the Exo ill
motif of q>29 DNA polymerase
To test the hypothesis that the conserved Exo III segment
forms part of the 3' -5' exonuclease active site of 029 DNA
polymerase, as it does in Pol I, residues Tyrl65 and Aspl69,
corresponding to the two almost invariant and critical (in
the case of Pol I) residues of the Exo III motif Asp-
(X)3-Glu (indicated with asterisks in Figure 1), were
selected as targets for site-directed mutagenesis studies. The
changes to be introduced were selected on the basis of
structural conservation. For this purpose, of the possible
changes at each position, those with minimal changes in the
predicted secondary structure (Chou and Fassman, 1978;
Garnier et al., 1978) were considered. Additionally, a
second criterion was the prediction of structural conservative
changes deduced from the analysis of the structure of
pentapeptides in crystallized proteins (Argos, 1987). Thus,
429 DNA polymerase mutants containing the single changes
Tyrl65 to Phe (Y165F), Tyrl65 to Cys (Y165C) and
Aspl69 to Ala (D169A), were obtained, overproduced and
purified as described in Materials and methods. The presence
of the desired mutations and the absence of any other changes
were confirmed by complete sequencing of each 029 DNA
polymerase mutant gene contained in the expression plasmid.
Functional analysis of 029 DNA polymerase mutants
Y165F, Y165C and D169A, at the Exo 111 motif
3'-5' exonuclease activity. In agreement with our
assumption that the conserved Exo III motif forms part of
the 3' -5' exonuclease active site, a change of Asp 169 into
Ala (D169A) almost completely inactivated the 3'-5'
exonuclease activity, and change of Tyrl65 into Phe (Y165F)
or Cys (Y165C) produced a defective, but still active, 3' -5'
exonuclease (Figure 2). For quantitative analysis, the 3'-5'
exonuclease activity of the wild-type and mutant 029 DNA
polymerases were assayed on a [32P]dA-tailed DNA
substrate, as indicated in Materials and methods, and their
specific activity values are shown in Table I. Gel retardation
assays indicated that the defect in the 3'-5' exonuclease
activity of mutants Y165F, Y165C and, in particular, D169A
cannot be interpreted as a result of the loss of interaction
with ssDNA (data not shown). However, this technique is
not sensitive enough to reveal local alterations of ssDNA
binding, in particular those that could affect the stabilization
and/or orientation of its 3' terminal portion, containing the
phosphodiester bond to be cleaved at the 3' -5' exonuclease
active site. These results agree with the catalytic role
proposed for 029 DNA polymerase residues Tyrl65 and
Aspl69 (Exo III motif), by analogy with Pol I residues
Tyr497 and Asp5Ol (Blanco et al., 1991; Derbyshire et al.,
1991). Furthermore, the fact that the ssDNA binding function
is not apparently affected in the different mutants, is strong
evidence of the overall structural integrity of their
exonuclease domain.
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Fig. 1. The Exo III segment of DNA-dependent DNA polymerases. The multiple alignment of the amino acid sequences corresponding to the Exo
Ill segment was carried out essentially as reported by Blanco et al. (1992). Group A: PolI-like DNA polymerases, including bacterial and phage
enzymes; group B: viral a-like DNA polymerases (with the exception of Ecoli pol II); group C: cellular a-like DNA polymerases [in this group,
DNA polymerase nomenclature is according Burgers et al. (1990)]; group D: protein-primed a-like DNA polymerases. DNA polymerase
nomenclature and sequence references are reviewed by Blanco et al. (1992) with the exception of DNA polymerase 6 from Schizosaccharomyces
pombe [5 (Sp); Pignede et al., 1991], Plasmodium falciparum [( (Pf); Ridley et al., 1991], calf thymus [6 (Bo); Zhang et al., 1991], and human [6
(human); Chung et al., 1991], DNA polymerase a from Trypanosoma brucei [a (Th); Leegwater et al., 1991] and Drosophila melanogaster [a
(Dm); Hirose et al., 1991]. The conserved Exo Ill segment, previously reported by Bernad et al. (1989) and further corrected in certain DNA
polymerases (Blanco et al., 1991, 1992), corresponds to the sequences included in the boxed area. Based in Pol Ik structural data (Ollis et al.,
1985), the aligned region, including the Exo III segment, corresponds to a-helix F (indicated above the alignment). Numbers between slashes indicate
the amino acid position relative to the N-terminus of each DNA polymerase. The two residues highly conserved among the different groups, forming
the Exo Ill motif Tyr-(X)3-Asp, are indicated in white letters; other similarities are indicated by grey boxes. Stars indicate Pol I residues involved in
exonucleolytic catalysis (Derbyshire et al., 1991) and 429 DNA polymerase residues studied in this paper. The locations of T4 DNA polymerase
mutator mutants tsmel74 (Y317C; Reha-Krantz, 1987) and exo 17 (D324G; Reha-Krantz, 1989; Reha-Krantz et al., 1991), are indicated by dots (see
Discussion for details).
Pyrophosphorolytic activity. Another degradative activity
carried out by 429 DNA polymerase is pyrophosphorolysis,
i.e. the PPi-mediated degradation of a correctly paired 3'
end, leading to dNTP release (Deutscher and Kornberg,
1969; Blasco et al., 1991). This activity, the reversal of
polymerization, is proposed to reside, together with the
synthetic activities (DNA polymerization and protein-primed
initiation), in the C-terminal portion of 429 DNA polymerase
(Blasco et al., 1991). In agreement with this hypothesis,
mutations at 429 DNA polymerase residues Tyrl65 and
Aspl69, located in the Exo segment (N-terminal domain),
did not reduce the pyrophosphorolytic activity (data not
shown); in fact, the pyrophosphorolytic activity of mutants
Y165F, Y165C and D169A was increased (218, 198 and
253%, respectively, relative to the wild-type) probably as
a consequence of the reduction in the competition for the
3' primer terminus, due to a decrease in the 3'-5'
exonuclease activity.
DNA polymerization activity. Taking into account the high
processivity and strand displacement ability of c29 DNA
polymerase (Blanco et al., 1989), we have selected a short
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Fig. 2. 3'-5' exonucleolytic activity of point mutants in the Exo III motif of k29 DNA polymerase. The assay was carried out in the conditions
described in Materials and methods, using a 5'-32P-labelled (29mer) single-stranded oligonucleotide as substrate, and the indicated amounts of either
wild-type or mutant t29 DNA polymerase. After 2.5 min at 25°C, degradation of the labelled DNA was analysed by electrophoresis in 8 M
urea-20% polyacrylamide gels and autoradiography. The nomenclature of mutations is as follows: the original amino acid (in single letter notation)
is given first, followed by its position and the replacing amino acid: e.g. Y165F = Tyrl65 to Phe.
polymerization assay ('filling-in' reaction) for analysing the
capability of the mutant enzymes to catalyse the incorporation
of a few nucleotides into the 3'-OH group of a DNA primer,
diminishing other factors (processivity, ability to translocate,
etc.) that could be affected, directly or indirectly, by the
various mutations studied. Thus, using EcoRI-digested 029
DNA as a template for the DNA polymerase assay (filling-
in reaction), in the presence of 0.2 AtM [32P]dATP and 200
,uM each dGTP and dTTP [conditions that protect the filled-
in ends against the dAMP turnover carried out by an active
3'-5' exonuclease (see Figure 3C)], the [32P]dAMP
incorporation catalysed by DNA polymerase mutants Y165F,
Y165C and D169A was similar to that obtained with the
wild-type enzyme (Figure 3A; see Table I for quantitative
values). These results are identical to those obtained with
single and double mutations at critical residues in the Exo
I and Exo II segments (Bernad et al., 1989) and indicate
that single amino acid changes in the Exo III motif do not
affect the DNA polymerization capacity of 029 DNA
polymerase. The exonuclease activity coupled with DNA
synthesis was studied by using EcoRI-digested 029 DNA
as template and 0.2 ItM [a-32P]dATP as the only
nucleotide. In these conditions, - 82% of the dATP substrate
was converted to dAMP (due to the 3'-5' exonuclease
activity following polymerization) by the wild-type 029 DNA
polymerase (see Figure 3D), resulting in poor DNA labelling
(Figure 3B). On the other hand, mutants Y165F and Y165C
released 44 and 12% of dAMP, respectively, and no dAMP
turnover was observed with mutant D169A (see Figure 3D).
It is worth noting that, in these particular conditions, the
reduction in 3' -5' exonuclease activity exhibited by the three
mutants results in more efficient DNA labelling (Figure 3B).
These results indicate the importance of Tyrl65, and in
particular Aspl69, for the exonuclease activity of 029 DNA
polymerase under polymerization conditions.
Table I. Effect of site-directed mutations at the Exo III motif on the
catalytic activities of t29 DNA polymerase
polydC(dG) TP-DNA
protein Initiation Filling-in replication replication 3'-5' Exo
U/mg U/mg U/mg U/mg U/mg
Exo/pol
ratio
WT 7.0 x 10' 6.9 x 103 5.8 x 10' 4.2 x 104 8.5 x 103 100
Y165F 3.5 x 10 9.6 x 10 4.9 x 10 5.1 x 10 9.1 x 10 7.5
4 3 S 2 2Y165C 4.2 x 10 6.4 x 10 6.4 x 10 1.9x 10 3.2 x 10 4.1
D169A 3.3 x 10 9.7 x 10 9.8 x 10 2.2 x 10 1.7 x 10 0.1
Unit (U) definition was as described in Materials and methods for each
activity assay. Exo/pol ratio, indicates the ratio of 3'-5'exonuclease to
polymerase (filling-in assay) activities relative to wild-type (defined as
100%).
Mutations at X29 DNA polymerase residues Tyr 165
and Asp169 (Exo 111 motif) decrease the fidelity of
DNA replication
It has been recently demonstrated that the 3' -5'
exonucleolytic activity of q29 DNA polymerase excises
mismatched 3' termini much more than correctly paired 3'
termini (Garmendia et al., 1992), a critical feature enabling
DNA polymerases to act as proofreading enzymes. The
structural and functional basis of proofreading involves a
delicate equilibrium between synthesis and degradation, in
which both activitites compete for the 3' terminus (Clayton
et al., 1979; Freemont et al., 1988; Garmendia et al.,
1992). Thus, among the different factors affecting this
dynamic equilibrium, as a mismatched terminus, dNTP
concentration, temperature, etc., the relative strength of the
3'-5' exonuclease activity, expressed as the exo/pol ratio,
is probably the main contributor to prevent fixation of
polymerizaton errors. The fact that mutations at 029 DNA
polymerase residues Tyrl65 and Asp169 (Exo III motif)
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Fig. 3. Filling-in reaction by 429 DNA polymerase site-directed
mutants in the Exo III motif. The DNA polymerase assay (filling-in
reaction) was as described in Materials and methods, using EcoRI-
digested )29 DNA (0.5 1tg) as template, 25 ng of either wild-type or
mutant 429 DNA polymerase, and either 0.2 ItM [a-32P]dATP (B) or
0.2 zM [ca-32P]dATP and 200 AM each dGTP and dTTP (A). After
incubation for 10 min at 300C, [32P]dAMP incorporation was
quantified (see Table I) and analysed by agarose gel electrophoresis, as
described in Materials and methods. (C) and (D), samples of the
assays shown in (A) and (B), respectively, were subjected to
polyethyleneimine-cellulose TLC for analysis of dAMP turnover, as
described in Materials and methods.
produced enzymes having a lower exo/pol ratio (Y165F,
7.5%; Y165C, 4.1%; D169A, 0.1%; see Table I) than that
of the wild-type 429 DNA polymerase, led us to examine
the effect of these mutations on DNA replication fidelity.
We therefore compared the capacity of wild-type 429
DNA polymerase and the three mutants, Y165F, Y165C and
D169A, to incorporate dAMP onto non-complementary
positions (18 and 20; see Figure 4) of the template-primer
SPl/SPlc+6 (see Materials and methods). As shown in
Figure 4, the wild-type 429 DNA polymerase did not
produce misincorporation, dAMP incorporation occurring
only at complementary positions 16 and 17. The labelling
at position 16 is probably the consequence of an equilibrium
between synthesis and degradation (idling-turnover). In
contrast, in the case of mutants Y165F, Y165C and D169A,
the appearance of labelled bands at position 19, and even
at position 21, indicated that dAMP was misincorporated
(A:A, C:A) at positions 18 and 20, respectively, even at the
lowest dATP concentration tested (1 tM). As expected, the
frequency of misincorporation, judged by the intensity of
the labelled bands at positions 19 and 21, was inversely
dependent on the residual 3' -5' exonuclease activity present
in each mutant. Furthermore, the low labelling at position
18 suggests that the mispair occurring at this position can
easily be elongated to the next complementary (T:A)
position, suggesting that nucleotide misincorporation is the
rate-limiting step. Interestingly, the fact that the labelling
corresponding to correct incorporation of dAMP was
accumulated at position 17 (no labelling was observed at
position 16) in the three mutants, is probably the result of
a strong imbalance (due to a decrease in the exo/pol ratio)
in the idling-turnover equilibrium. All these results indicate
that, as a consequence of the reduction in the 3'-5'
exonuclease activity, mutations at 429 DNA polymerase
residues Tyrl65 and Aspl69 (Exo III motif), produce a
decrease in the DNA replication fidelity, leading to the stable
incorporation and extension of wrong nucleotides.
Mutations at 029 DNA polymerase residues Tyr165
and Asp169 (Exo 11l motif) cannot carry out DNA
elongation coupled to strand displacement
Replication of 429 DNA involves terminal protein (TP)-
primed initiation at both terminal origins and subsequent
elongation of the initiation complex to produce full-length
429 DNA (Blanco and Salas, 1985; see Figure 5A). Because
029 DNA polymerase is a highly processive enzyme, and
because it can produce strand displacement (Blanco et al.,
1989), this process can be carried out in vitro with only 4)29
DNA polymerase and free TP (acting as a primer).
TP-primed initiation is a specific reaction carried out by
429 DNA polymerase, resulting in the formation of a
covalent linkage between the viral TP and 5'dAMP
(reviewed in Salas, 1991). This activity involves the
formation of a phosphoester bond between the a-phosphorus
group of the initiating nucleotide (dATP) and the OH group
of a specific amino acid residue (Ser232) in TP. Thus, this
TP-primed initiation reaction provides the first 5' nucleotide
at both ends as donor of the 3' OH group needed to start
elongation. Site-directed mutagenesis studies on the putative
polymerization active site of429 DNA polymerase indicated
a similar location of both activities, TP-primed initiation and
DNA polymerization, in the C-terminal domain of the
enzyme (Bernad et al., 1990a,b; Blanco et al., 1991; Blasco
et al., 1992). In agreement with this hypothesis, 029 DNA
polymerase mutants Y165F, Y165C and D169A, containing
single changes in the N-terminal Exo III motif, were able
to catalyse the covalent linkage between 429 TP and dAMP,
the initiation step of 029 DNA replication, at the same level
as wild-type 029 DNA polymerase (Figure SB; see Table I
for quantitative values).
On the other hand, when complete replication of 429
DNA-TP (initiation and elongation) was assayed, the three
029 DNA polymerase mutants, Y165F, Y165C and D169A,
were almost inactive (Figure SC; see Table I for quantitative
values), suggesting that the mutations introduced strongly
affect the elongation step of 429 DNA-TP replication.
However, when processive elongation was assayed using
polydC(dG)10 as template, the amount and length
distribution of the DNA synthesized by the three 429 DNA
polymerase mutants were identical to those obtained with
the wild-type enzyme (results not shown; see Table I for
quantitative values). Analysis of processive DNA poly-
merization on this template was selected to circumvent
problems related to fidelity or with the presence of secondary
structures in the template strand. Therefore, a plausible
explanation for the defective 429 DNA-TP replication is that
mutations at Tyrl65 and Aspl69 residues somehow impede
DNA elongation when it is coupled to strand displacement,
an absolute requirement for X29 DNA-TP replication. This
hypothesis was demonstrated using the strand displacement
assay described in Materials and methods. Thus, as shown
in Figure 6A, the three mutants, Y165F, Y615C and
D169A, showed a decrease (9-, 8- and 10-fold, respectively)
in the rate of DNA elongation coupled to strand
displacement. However, these reduction factors in strand
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Fig. 4. Misincorporation during DNA replication by site-directed mutants in the Exo Ill motif of 029 DNA polymerase. The assay was carried out
in the conditions described in Materials and methods, using 0.5 ng of 5'-32P-labelled hybrid SPl/SPlc+6 (whose sequence is partially shown on the
right), 50 ng of either wild-type or mutant 029 DNA polymerase, and the indicated concentration of dATP; dCTP was also added to prevent
exonucleolytic degradation of the primer terminus. The degradation products observed correspond to exonucleolytic digestion of a portion of non-
hybridized primer SPI. This material, in the case of the D169A mutant, appears at the control position and it cannot be degraded or elongated. After
incubation for 5 min at 30°C, the reaction products were analysed on DNA sequencing gels (20% polyacrylamide/8 M urea), followed by
autoradiography. Numbered arrows indicate the original length of the primer strand (SPI, l5mer), and the lengths of its elongated products having a
terminal mismatch (18 and 20).
displacement DNA synthesis do not completely account for
the values (80- to 220-fold reduction) shown in Table I for
029 DNA-TP replication. In the latter case, two factors could
contribute to produce a more drastic phenotype associated
with a defect in the strand displacement: (i) the rate-limiting
transition step required to start elongation of the TP-dAMP
initiation complex (Blanco et al., 1988; Mendez et al.,
1992); or (ii) the presence of a TP molecule covalently bound
to the 5' end of the strand whose displacement is initiated
(see Figure 5A). Thus, a defect in strand displacement could
give rise to specific pauses (barriers) during the first
polymerization events of )29 DNA replication. To test this
hypothesis, samples corresponding to the X29 DNA-TP
replication assay shown in Figure SC were analysed in
SDS -polyacrylamide gels, using conditions in which short
elongation products of TP-dAMP can be analysed (see
Materials and methods). As shown in Figure 6B, in addition
to the bands corresponding to TP-dAMP and TP-(dNMP)16
(a strong elongation pause), the D169A mutant polymerase
produced a set of intermediates centered on TP-(dNMP)6,
which were absent when the wild-type 029 DNA polymerase
was used. Interestingly, this specific pause site would
correspond to the length limit of the inverted terminal repeat
(ITR) present at both (left and right) 429 DNA replication
origins (see Figure 6B; reviewed in Salas, 1991). These
results are interpreted as indicative of the initial point at
which strand displacement occurs. This point would
represent a limiting step that blocks further elongation by
the different 4)29 DNA polymerase N-terminal mutants.
Interestingly, in the case of mutant Y165F, the block of
elongation as a consequence of the initiation of strand
displacement cannot be 'frozen' at the TP-(dNMP)6
position, because this material is further degraded by the
residual 3' -5' exonuclease (7.5 %) present in this mutant,
producing an accumulation of labelling at the position
4232
corresponding to TP-d(NMP)2. An intermediate behaviour
is observed in the case of mutant Y165C, which has less
3' -5' exonuclease (4.1%).
Discussion
Site-directed mutagenesis at the Exo 11 motif of 029
DNA polymerase
The Exo III segment, which is highly conserved in the N-
terminal portion of most DNA-dependent DNA polymerases
(Bernad et al., 1989), contains a motif of two conserved
amino acids in a five amino acid sequence: Tyr-(X)3-Asp.
In Pol , the two conserved residues of this motif correspond
to 3'-5' exonuclease active site residues: Tyr497, proposed
to be involved in orienting an attacking water molecule
(Freemont et al., 1988), and Asp501, one of the essential
carboxylate residues coordinating metal ion A (Derbyshire
et al., 1988). We carried out site-directed mutagenesis in
the two corresponding Asp and Tyr residues of 429 DNA
polymerase to assess their inferred role in the 3'-5'
exonuclease activity. Thus, the wild-type 429 DNA
polymerase residue Aspl69 was changed to Ala (D169A),
and Tyrl65 was changed either to Phe (Y165F) or Cys
(Y165C). When the mutant proteins were assayed for
polymerization activity, either in non-processive (filling-in)
or processive [poly(dC)-(dG)j0] replication assays, the
polymerase specific activity was within the range expected
for wild-type 429 DNA polymerase (Table I), indicating that
the Exo III motif is not part of the polymerization domain.
These results are in agreement with previous proposals of
a C-terminal location for the polymerization domain, based
on amino acid sequence similarities and site-directed
mutagenesis studies (Bernad et al., 1987, 1989, 1990a,b).
On the other hand, 3' -5' exonuclease assays of these 4)29
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displaced strand same amino acid residue (Aspl69 of 429 DNA polymerase
Exo III motif) is critical for the 3'-5' exonucleolytic
I)NA pol Right ori catalysis when assayed both on single-stranded and on
double-stranded (turnover reaction) DNA substrates is in
' O 11111agreement with an exonucleolytic mechanism involving
melting of the DNA to allow the 3' terminus to bind to the
ft ori exonuclease active site (Freemont et al., 1988).
These results are in complete agreement with site-directed
mutagenesis studies of the corresponding Pol I residues
AspS01 and Tyr497; in this case, change of Asp501 into
1r Yrr65F Y ] 65( 1)169 Ala gave rise to exonuclease inactivation, whereas change
of Tyr497 into Phe reduced the Pol I 3'-5' exonuclease
activity to -4% (Derbyshire et al., 1991). On the other
hand, change of the essential Pol I residue Asp501 into Asn
produced an enzyme with virtually wild-type exonuclease
activity; this result was interpreted as indicative that only
a single oxygen of Asp501 appears to be involved in binding
I (0 2n100 20 100 20 10' IN \ pol. ng metal A. Interestingly, this flexibility is reflected in the
alignment of the Exo Ill motif shown in Figure 1, in which
the critical Asp, present in 35 sequences, is substituted only
W\T. *< c -- by Asn (4 sequences). In the crystal structure of Pol Ik
complexed with ssDNA, Tyr497 is H-bonded to the
phosphodiester bond that is to be cleaved (Freemont et al.,
1988). It has therefore been proposed that Tyr497 may be
^29 1)NA impotant for facilitating catalysis by positioning an attacking
i19285 nt) water molecule at the 3'-5' exonuclease active site. Our
current studies, together with those reported by Derbyshire
et al. (1991), clearly indicate that the conserved (not
invariant; see Figure 1) Tyr residue of the Exo III motif
has only a secondary role, and is not essential for 3'-5'
exonucleolytic catalysis.
In agreement with the contribution of the 3'-5'
exonuclease to the fidelity of DNA replication, the three
mutations in the Exo III motif of 4)29 DNA polymerase
(Y165F, Y165C and D169A) produced enzymes with an
5 Ift > 1z ^(I I 5r fitne min increased frequency of misinsertion and extension of DNApolymerization errors. As expected, the larger the reduction
in the exo/pol ratio (D169A > Y165C > Y165F; see
)NA-TP replication by site-directed mutants in the Exo Table I), the lower the fidelity of DNA polymerization
29 DNA polymerase. (A) Scheme of 429 DNA-TP (D169A < Y165C < Y165F).
volving TP-primed initiation at both DNA ends and
tion by strand displacement DNA synthesis. (B) Protein- Further support of the functional significance of segment
on activity of point mutants in the Exo III motif of 429 Exo III comes from the analysis and location of genetically
rase. The initiation assay was carried out as described in selected T4 DNA polymerase mutator mutants, which form
methods, in the presence of the indicated amounts of two main clusters in the N-terminal portion of T4 DNA
e or mutant 429 DNA polymerase. After incubation for polymerase (Reha-Krantz, 1987, 1988). One of these clusters
-, the samples were analysed by SDS -PAGE and
iy, and the reaction was quantified as described in (residues 298-363) contains mutants tsmel74 (Y317C) and
methods. The electrophoretic mobility of the TP-dAMP exol7 (D324G), both located in the Exo Ill segment
plex is indicated. (C) Replication of 429 DNA-TP by (indicated with dots in Figure 1). Mutation D324G in T4
Iymerase mutants in the Exo IIH motif. Analysis by DNA polymerase produces one of the strongest mutator
,se gel electrophoresis of DNA synthesized either by
nutat429NAolyerae, sin 4)9 T asprier henotypes (50- to 280-fold more than the wild-type), andnutant 029 DNA polymerase, using 029 P s primer
a deres inY 5 xnces ctvt Rh rnzi-TP as template. Conditions were as indicated in a decrease in 3 -5' exonuclease activity (Reha-Krantz,
methods. The incubation tines are indicated. The 1989; Reha-Krantz et al., 1991). Interestingly, this Asp324
ition of unit-length 429 DNA is indicated by an arrow. residue corresponds to the critical Asp of the Exo III motif
(see Figure 1), as was previously predicted (Blanco et al.,
1991). Mutation Y317C has been also shown to produce a
'merase mutant derivatives confirmed our 3'-5' exonuclease-defective T4 DNA polymerase (Reha-
hat the two highly conserved residues of the Exo Krantz, 1987).
e important for the 3'-5' exonuclease activity. All these data, together with previous site-directed
ge of Asp 169 into Ala produced a large decrease mutagenesis studies of the highly conserved residues
ase activity, and change of Tyr165 into either corresponding to the Exo I and Exo II segments (Derbyshire
s had less drastic effect, producing defective et al., 1988, 1991; Bernad et al., 1989; Morrison et al.,
at still retained 7.5 and 4.1%, respectively, of 1991; Patel et al., 1991; Simon et al., 1991), strongly
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Fig. 6. Strand displacement by 429 DNA polymerase site-directed mutants in the Exo III motif. (A) The strand displacement assay was carried out
as described in Materials and methods using 20 ng of either wild-type or the indicated )29 DNA polymerase mutant. After incubation for the
indicated times at 30°C, the samples were analysed by alkaline 0.7% agarose gel electrophoresis and autoradiography. DNA size markers, shown on
the right, were run in parallel. (B) Samples corresponding to the 429 DNA-TP replication assay shown in Figure 5C were analysed in high
resolution SDS-polyacrylamide gels (12% acrylamide; 360x280xO.5 mm), followed by autoradiography. The position of the TP-dAMP initiation
complex, and some of its first elongation products that accumulate during elongation, are shown in correlation with the DNA sequence (shaded areas)
at both (left and right) 429 DNA replication origins. Boxes indicate, in addition to the inverted terminal repeat (ITR), other nucleotide sequence
similarities among TP-DNA sequences initiating from both 429 DNA origins.
support our hypothesis of a functionally and structurally
conserved Pol I-like 3' -5' exonuclease active site (reviewed
in Blanco et al., 1992)
Overlapping structural domains for the 3'- 5'
exonuclease and strand displacement domains of 029
DNA polymerase
For the present site-directed mutagenesis study to be valid,
it is important that the mutations introduced do not affect
the overall structure of the enzyme or, in particular, that
of the 3' -5' exonuclease domain. There are several pieces
of evidence to suggest that the changes in protein structure
due to the mutations occur only at the position of the altered
amino acid: (i) the overproduction, solubility and
chromatographic behaviour of the different mutant proteins,
which could indicate differences in the stability of the protein
structure, were similar to those of the wild-type 429 DNA
polymerase; (ii) the mutant proteins had wild-type levels of
initiation, polymerase and pyrophosphorolytic activities; and
(iii) the mutant proteins were able to interact with ssDNA,
a function thought to reside in the exonuclease domain.
Therefore, we favour the idea that the mutations introduced
selectively affect the 3'-5' exonuclease active site.
However, the three mutants in the Exo III motif of 029 DNA
polymerase were unable to replicate )29 DNA, this defect
being unrelated to either the specific protein-primed initiation
step (TP-dAMP complex formation), or a loss of processivity
during DNA polymerization. The inability of these mutants
to replicate 429 DNA was due to: (i) a defect in the strand
displacement activity, an intrinsic property of 429 DNA
polymerase required for this process (Blanco et al., 1989),
resulting in a decrease (8- to 10-fold) in the rate of
elongation, and (ii) a special blockage of elongation (mapped
around the sixth nucleotide from the DNA end), which
probably represents the initiation of strand displacement.
Interestingly, identical behaviour was obtained with all the
mutants (single or double substitutions) corresponding to
conserved residues of regions Exo I and Exo II (J.A.Esteban,
M.S.Soengas, A.Bernad, L.Blanco and M.Salas, in
preparation) that are critical for the 3'-5' exonuclease
activity (Bernad et al., 1989). In contrast, none of the
mutations in the C-terminal portion of 029 DNA polymerase
specifically affected strand displacement synthesis (Bernad
et al., 1990a,b; Blasco et al., 1991; Blanco et al., 1991).
Therefore, as well as affecting the 3'-5' exonuclease
activity, the mutations introduced in the Exo I, Exo II and
Exo III motifs selectively affect a polymerization function,
i.e. strand displacement, allowing the latter also to be
mapped in the N-terminal part of 429 DNA polymerase.
Assuming that 429 DNA polymerase has a Klenow-like
structure (Blanco et al., 1991), a plausible model for strand
displacement is that the enzyme could make use of the
ssDNA binding cleft, present in the N-terminal domain, to
bind both the 3'-5' exonuclease substrate (Figure 7B; Beese
and Steitz, 1991) and the DNA strand to be displaced
(Figure 7A). This situation would provide a helicase-like
domain to the polymerase, whose melting action would be
dependent on the relative movement between enzyme and
DNA as a consequence of DNA polymerization. Thus,
mutations affecting critical residues of the exonuclease active
site (oriented towards the ssDNA binding cleft) could also
affect the ssDNA binding function required for strand
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Fig. 7. Putative strand displacement domain, overlapping with the
3'-5' exonuclease active site. Polymerization active site (square) and
3'-5' exonuclease active site (circle) are indicated on a Klenow-like
structure (Ollis et al., 1985) adapted for 029 DNA polymerase. (A)
Strand displacement: the displaced strand occupies the ssDNA binding
cleft corresponding to the N-terminal domain. (B) Exonuclease editing:
the primer terminus reaches the 3'-5' exonuclease active site,
competing with the displaced strand for the ssDNA binding cleft.
displacement. The presence of the TP bound to the 5' end
of the displaced strand probably forces the binding of the
ssDNA, and the consequent initiation of strand displacement
synthesis, to occur from an internal position (around the sixth
nucleotide) close to the replication origin. It is interesting
to note that the 3'-5' exonuclease activity of 429 DNA
polymerase is highly processive (Garmendia et al., 1992),
an unusual feature given its role in excising misinsertion
errors. In agreement with the dual role proposed for the
ssDNA binding cleft, a processive 3'-5' exonuclease would
be the consequence of the tight association with ssDNA
required for strand displacement synthesis. According to the
'melt and slide' mechanism for exonucleolytic proofreading
(Freemont et al., 1988), our model predicts that there would
be specific competition between binding the displaced strand
(Figure 7A) and the growing primer strand (Figure 7B),
probably restricting the exonucleolytic degradation to
mismatched primer termini. Interestingly, when this
competition was eliminated by inactivating the 3'-5'
exonuclease in the case of T4 and T7 DNA polymerases,
both enzymes were able to catalyse strand displacement
synthesis at nicks (Reha-Krantz et al., 1991; Tabor and
Richardson, 1989), although this ability .was not apparent
in the corresponding wild-type enzymes.
It has been reported that the c subunit, containing the
3'-5' exonuclease of E. coli DNA polymerase Im, is critical
for conferring complete processivity on the holoenzyme
(Studwell and O'Donnell, 1990). Furthermore, mutations
in the predicted residues forming the 3'-5' exonuclease
active site of herpes simplex DNA polymerase severely
impaired viral DNA replication and DNA polymerization
activity (Gibbs et al., 1991). These findings suggest that the
exonuclease domain also contributes to polymerization in
other DNA polymerases, perhaps via additional contacts with
the single-stranded portion of the template DNA strand,
enabling them to be more processive and less sensitive to
template secondary structure. This proposal that a strand
displacement and/or processivity function resides in the N-
terminal domain of replicative DNA-dependent DNA
polymerases, implies a more active (continuous) role of this
domain during polymerization, its productive function not
being restricted only to the low occurrence (- 1 in 105
nucleotides synthesized) of DNA polymerization insertion
errors.
Materials and methods
Nucleotides and proteins
Unlabelled nucleotides were purchased from Pharmacia PL Biochemicals.[a-32P]dATP and dGTP (410 Ci/mmol), and [Ly-32P]ATP (3000 Ci/mmol)
were obtained from Amersham International plc. Restriction endonucleases
were from New England Biolabs. T4 polynucleotide kinase, Pol Ik and
terminal deoxynucleotidyl transferase were from Boehringer Mannheim.
Fungal proteinase K was from Merck. 029 terminal protein (TP) was purified
from E.coli NFl cells harbouring plasmid pRMn25, as described by Zaballos
et al. (1989). ¢29 DNA polymerase was purified either from E.coli NF2690
cells (obtained from T.Atlung) harbouring plasmid pJLw2 (J.M.LIzaro,
A.Zaballos, A.Bernad, L.Blanco and M.Salas, in preparation) or from E.coli
NFI cells harbouring plasmid pAZw200 (J.M.Lazaro, A.Zaballos,
A.Bernad, L.Blanco and M.Salas, in preparation), by ammonium sulfate
fractionation of cell extracts, phosphocellulose and blue dextran-agarose
chromatography, essentially as described by Blanco and Salas (1984), with
modifications to be described elsewhere. 029 DNA polymerase site-directed
mutants D12A/D66A (Bemad et al., 1989), and Y165F, Y165C and D169A
(this paper) were purified from E coli BL21(DE3) cells (Studier and Moffatt,
1986) harbouring the corresponding recombinant plasmids, essentially as
described for the wild-type <k29 DNA polymerase.
DNA templates and substrates
429 DNA was obtained by proteinase K treatment of phage particles in
the presence of SDS (Inciarte et al., 1976), followed by phenol extraction
and ethanol precipitation. 029 DNA was digested with EcoRI to generate
fragments with 3' recessive ends, suitable as templates for DNA polymerase
activity (filling-in reaction). As a substrate for pyrophosphorolysis, EcoRI-
digested 029 DNA was 3'-labelled with [ca-32P]dATP in a partial filling-
in reaction carried out by q29 DNA polymerase mutant D12A/D66A, lacking
3-5' exonuclease, as described by Blasco et al. (1991). The HindIII L
fragment, 273 bp long, from the right k29 DNA end, was isolated from
029 DNA by gel electrophoresis in 3.5% acrylamide gels and labelled with[a-32P]dATP at the internal 3' end with Pol Ik. This HindIlI L fragment
was denatured by heating for 10 min in boiling water and quickly cooled
on ice, and then used for ssDNA interaction assays. ¢29 DNA-TP was
obtained as described by Pefialva and Salas (1982). Poly(dC) and p(dG)IO,
used as template and primer, respectively, for processive DNA
polymerization assays, were obtained from Pharmacia PL Biochemicals.
For 3 '-5' exonuclease assays on ssDNA, a 29mer oligonucleotide(5'-AAAGTAGGGTACAGCGACAACATACACCA) was prepared with
a DNA synthesizer from Applied Biosystems, as described (Strauss et al.,
1986). The oligonucleotide was purified in 20% polyacrylamide gels
containing 8 M urea, and then ethanol precipitated and 5'-labelled with[Y32P]ATP and T4 polynucleotide kinase. Further separation by PAGE was
necessary to purify the full size 5'-labelled oligonucleotide. The specific
activity obtained was 1.6 x I04 c.p.m./pmol. The l5mer oligonucleotide
SPI (5'-GATCACAGTGAGTAC), was obtained, purified and 5'-labelled
as indicated above, and hybridized to the 21mer oligonucleotide SPIc +6(5'-TCTATTGTACTCACTGTGATC) which has an extension of six
nucleotides in addition to the sequence complementary to SP1. Hybridization
mixtures, in a final volume of 100 Al, containing 66 mM Tris-HCI, pH
7.5, 50 mM NaCl, 30 ng of labelled SPI and 150 ng of unlabelled SPlc +6,
were incubated at 65°C for 20 min, followed by slow cooling to room
temperature. The hybrid molecule SP1/SPlc+6 was used as primer/template
for DNA polymerization misincorporation assays. [32P]dA-tailed DNA,
prepared by extending pUC19 (linearized with PstI) with terminal
deoxynucleotidyl transferase and ca-32P]dATP, was used as substrate for
quantitative analysis of the 3'-5' exonuclease activity.
Site-directed mutagenesis and expression of 029 DNA
polymerase mutants
The wild-type q29 DNA polymerase gene, cloned into Ml3mpl9
(M13mpl9w21; Bernad et al., 1989), was used for site-directed mutagenesis,
carried out essentially as described (Kunkel, 1985; Kunkel et al., 1987).
After characterization in M 13, fragments containing the different mutations
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were subcloned by substitution of the corresponding wild-type fragment in
the overproducer plasmid pT7-3w21 (Bernad et al., 1989), which expresses
4)29 DNA polymerase under the control of the T7 RNA polymerase 410
promoter (Tabor and Richardson, 1985). The presence of the desired
mutation and the absence of any other changes were confirmed by complete
sequencing (dideoxynucleotide chain-termination procedure) of each 429
DNA polymerase mutant gene contained in the overproducer plasmid.
Expression of the mutant proteins was carried out in the E. coli strain
BL2 I (DE3), which contains the T7 RNA polymerase gene under the control
of the IPTG-inducible lacUVS promoter (Studier and Moffatt, 1986).
Purification of the mutant proteins was as described above for the wild-
type 4)29 DNA polymerase.
3'- 5' exonuclease assays
The incubation mixture contained 50 mM Tris-HCl, pH 7.5, 10 mM
MgCI2, 1 mM dithiothreitol, 4% glycerol, 0.1 mg/mi bovine serum
albumin, and the indicated amount of either wild-type or mutant )29 DNA
polymerase. For qualitative analysis, a 5 ' 32P-labelled 29mer oligo-
nucleotide (5000 c.p.m./0.13 pmol/1.25 ng) was used as substrate. After
2.5 min at 25'C (conditions shown to be linear with time), the reactions,
in 12.5 pl, were directly quenched with 3 p4l of loading buffer and analysed
by 8 M urea-20% PAGE. 3'-5' exonucleolytic activity, measured as the
reduction in size of the labelled oligonucleotide, was detected by
autoradiography. For quantitative analysis, [32P]dA-tailed DNA (12.5 ng;
2 x 106 c.p.m./pmol of 3' end/pg of DNA) was used as a substrate to assay
the exonucleolytic activity of wild-type (2-l Ong) or mutant [Y165F (10-50
ng); Y165C (10-50 ng); D169A (10-100 ng)] 429 DNA polymerase.
After incubation for 1 min at 25'C (conditions shown to be linear with
time and enzyme amount), the Cerenkov radiation from the ethanol-soluble
material was counted. One 3'-5' exonuclease unit was considered as the
excision of 1 pmol of dAMP under the conditions described above. Samples
withdrawn immediately after incubation were also analysed by TLC
(Polygram Cel 300 PEI/UV254) and further autoradiography. The
chromatogram was developed with 0.15 M lithium formate (pH 3.0); under
these conditions the 5'-dAMP migrates whereas the DNA substrate remains
at the origin. Densitometry of the spot corresponding to 5'-dAMP allowed
relative values (referred to the wild-type) of the 3' -5' exonuclease activity
to be obtained. When indicated, the dAMP turnover coupled to the non-
processive DNA polymerization assay (filling-in reaction) described before
was determined by TLC and further autoradiography as described above.
Quantification was done by excising the 5'-dAMP band from the gel and
counting the Cerenkov radiation.
Gel retardation assay
The incubation mixture, in a final volume of 20 Al, contained 12 mM
Tris-HCl, pH 7.5, 1 mM EDTA, heat-denatured 32P-labelled Hindlll L
fragment (5000 c.p.m.; 10 ng) and different amounts (0.5- 15 ng) of either
wild-type or mutant 429 DNA polymerase. After incubation for 30 min
at 0'C, the samples were subjected to electrophoresis in a 4% (w/v)
polyacrylamide gel (80:1, monomer:bis), containing 12 mM Tris-acetate
(pH 7.5), 1 mM EDTA, and run at 4'C in the same buffer at 8 V/cm,
essentially as described by Carthew et al. (1985). After autoradiography,
429 DNA polymerase-ssDNA complexes were detected by the mobility
shift (retardation) of the labelled DNA (Blanco et al., 1989).
Pyrophosphorolysis assay
The standard incubation mixture contained, in 10 p, 50 mM Tris-HCl,
pH 7.5, 10 mM MgCl2, 1 mM dithiothreitol, 4% glycerol, 0.1 mg/ml
bovine serum albumin, 50 ng of 32P-labelled EcoRI-digested 429 DNA,
0.5 mM sodium pyrophosphate, and various amounts (2.5-10 ng) of either
wild-type or mutant 429 DNA polymerase. After incubation for 5 min at
25'C [conditions shown to be linear with time and enzyme amount, as
previously reported (Blasco et al., 1991)], the reaction was stopped by
addition of 25 mM EDTA. An aliquot of the reaction mixture was subjected
to TLC (Polygram Cel 300 PEI/UV254), and developed in 0.5 M potassium
phosphate buffer. After drying, the plates were subjected to autoradiography.
Quantification of dATP release was carried out by densitometry of the
autoradiographs.
Non-processive DNA polymerase assay (filling-in reaction)
The incubation mixture contained, in 25 Al, 50 mM Tris-HCl, pH 7.5,
10 mM MgCI2, 1 mM dithiothreitol, 4% glycerol, 0.1 mg/ml bovine serum
albumin, 0.2 mM [a-32P]dATP (2 pCi), 0.2 mM dGTP and dTTP, 0.5
ptg of EcoRI-digested 429 DNA as template, and 25 ng of either wild-type
or mutant 429 DNA polymerase. When indicated, dGTP and dTTP were
omitted. After incubation for 10 min at 30'C (conditions shown to be linear),
the reaction was stopped by adding 10 mM EDTA, 0.1% SDS, and the
samples were filtered through Sephadex G-50 spun columns (Maniatis et al.,
1982) in the presence of 0. 1 % SDS. The Cerenkov radiation in the excluded
volume was counted and analysed by agarose gel electrophoresis and
autoradiography. One 'filling-in' unit represents the incorporation of 1 pmol
of dATP in the conditions described above.
Processive DNA polymerase assay [poly(dC)-p(dG)10
elongation]
The incubation mixture contained, in 25 1il, 50 mM Tris-HCI, pH 7.5,
10 mM MgCl2, 1 mM dithiothreitol, 4% glycerol, 0.1 mg/ml bovine serum
albumin, 20 AM [cx-32P]dGTP (1 ACi), 1 itg of poly(dC) as template, 0.5
Ag of p(dG)IO as primer, and 10 ng of either wild-type or mutant 429 DNA
polymerase. After incubation for 15 min at 30'C, the reaction was stopped
by adding 10 mM EDTA-0. 1% SDS and the samples were filtered as
indicated above, and the Cerenkov radiation of the excluded volume was
counted. Although the average length of the poly(dC) template is - 200
nucleotides, the synthesized products obtained can be longer than 3000
nucleotides, due to the continuous slippage of the growing strand along this
template, which allows linear conditions of elongation to be maintained for
at least 30 min. One poly(dC)-p(dG)10 elongation unit represents
incorporation of 1 nmol of dGTP in the conditions described above. The
length of the elongated products was analysed on alkaline 0.7% agarose
gels, as described (McDonnell et al., 1977), in the presence of 32P-labelled
DNA size markers, followed by autoradiography.
TP-dAMP complex formation (initiation assay)
The incubation mixture contained, in 25 IA, 50 mM Tris-HCI, pH 7.5,
10 mM MgCl2, 20 mM (NH4)2SO4, 1 mM dithiothreitol, 4% glycerol,
0.1 mg/ml bovine serum albumin, 0.25 p4M [a-32P]dATP (2.5 ACi), 0.5
pg of 429 DNA-TP, 100 ng of purified TP and 25 ng of either wild-type
or mutant 4)29 DNA polymerase. After incubation for 5 min at 30'C
(conditions shown to be linear with time and enzyme amount), the reaction
was stopped by adding 10mM EDTA-0. 1% SDS; the samples were then
filtered as indicated above, and further analysed by SDS-PAGE as described
(Penialva and Salas, 1982). Quantification was done by excising from the
gel the radioactive band corresponding to the TP-dAMP complex and
counting the Cerenkov radiation, and by densitometric analysis of the
autoradiographs. One initiation unit represents the formation of 1 fmol of
TP-dAMP complex in the conditions described above.
Replication assay (protein-primed initiation plus elongation)
with 029 DNA-TP as template
The incubation mixture contained, in 25 pl, 50 mM Tris-HCl, pH 7.5,
10 mM MgCl2, 20 mM (NH4)2SO4, 1 mM dithiothreitol, 4% glycerol,
0.1 mg/mi bovine serum albumin, 20 pM each dCTP, dGTP, dTTP and
[cs-32P]dATP (1 ACi), 0.5 pg of 029 DNA-TP, 125 ng of purified TP, and
25 ng of either wild-type or mutant 029 DNA polymerase. After incubation
for the indicated times at 30'C, the reaction was stopped by adding 10mM
EDTA -0.1% SDS, the samples were filtered as indicated above, and the
Cerenkov radiation of the excluded volume was counted. One 429 DNA-
TP replication unit represents incorporation of 1 nmol of dNTPs after
incubation for 10 min, in the conditions described above. When indicated,
the DNA labelled as described above was denatured by treatment with 0.7 M
NaOH and subjected to electrophoresis in alkaline 0.7% agarose gels, as
described by McDonnell et al. (1977). After electrophoresis, the position
of unit-length 429 DNA (19 285 bases) was detected by ethidium bromide
staining, and then the gels were dried and autoradiographed. When indicated,
the samples were analysed in an SDS- 12% polyacrylamide gel
(360x280x0.5 mm), to obtain enough resolution to distinguish the TP bound
to the first elongation products.
Strand displacement assay
The strand displacement assay is based on the elongation of a 5'-labelled
l5mer oligonucleotide (SPI), as primer, hybridized to a linear dsDNA (429
DNA-TP), as template. This oligonucleotide primes DNA polymerization
2760 nucleotides away from the left end. In these conditions, primer
elongation is coupled to displacement of the non-template strand.
Hybridization is carried out by heat-denaturation of a mixture containing
500 ng of 429 DNA-TP, 0.3 ng of 5'-labelled SPI (105 c.p.m./ng), 75
mM NaCl and 20 mM Tris-HCl, pH 7.5. After heating for S min at 100°C,
the mixture was slowly cooled to room temperature, allowing (i) the SPI
primer to hybridize with its complementary sequence, and (ii) renaturation
of the remaining 4)29 DNA. The efficiency of the renaturation process was
checked by restriction digestion.
The reaction mixture contained, in 25 p,l6 pA of the hybridization mixture,
100 ng of either wild-type or exonuclease-deficient 4)29 DNA polymerase,
20 pM each dNTP, 50 mM Tris-HCI, pH 7.5, 1 mM dithiothreitol, 20
4236
029 DNA polymerase Exo III motif
mM (NH4)2SO4, 4% glycerol and 0.1 mg/ml of bovine serum albumin.
After incubation for the indicated times at 30°C, the reactions were stopped
by adding EDTA to 10 mM. The samples were analysed by alkaline 0.7%
gel electrophoresis and autoradiography.
DNA replication misincorporation assay
Hybrid molecules between oligonucleotides SPlc+6 and SP1 (32P-labelled)
were obtained as previously described. This hybrid can be used as substrate
for the 3'-5' exonuclease and, simultaneously, as template-primer for DNA
polymerization. Conditions were essentially as described for 3'-5'
exonuclease assays, but using 50 ng of either wild-type or mutant 429 DNA
polymerase, and the dATP concentration indicated in each case. To prevent
exonucleolytic degradation of the primer terminus, 25 uM dCTP was added.
After incubation for 5 min at 30°C, samples were analysed by 8 M
urea-20% PAGE. Extension of the 5'-labelled primer (SP1) was detected
by autoradiography.
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